The effects of coculture and conditioned medium of rat hepatoma Reuber H-35 cells on the subsequent in vitro development and hatching of mouse 2-cell embryos were examined.
INTRODUCTION
Preimplantation development of mammalian embryos is affected by several nutritional and environmental factors.
The appropriate development of a preimplantation embryo results in hatching from the zona pellucida and implantation into a receptive endometrium. Soluble growth factors produced by the preimplantation embryo itself [1] [2] [3] and/or the epithelium of the fallopian tube [4] [5] [6] and uterus [4, [7] [8] [9] [10] , may control this process.
Embryos from several species can develop from the onecell stage to the blastocyst stage in chemically defined media. However, in mice, comparisons between the growth rates of early embryos in vivo and in vitro indicate that factors present in reproductive organs are beneficial for early embryonic development [11] [12] [13] . Embryonic protein and RNA synthesis, growth rate, and total cell number of cultured mouse embryos can be optimized by using a coculture system [4, 5, 14] , increasing the density of embryos [15] , or adding the free radical scavenger superoxide dismutase [16, 17] or growth factors [8, 15, [17] [18] [19] [20] [21] to the culture medium.
The liver synthesizes and secretes some serum components, and serum or serum fractions affect the early development of mouse embryos [22] [23] [24] [25] [26] . However, the substrates synthesized by hepatocytes, and their functions, remain unclear. Moreover, the effects of coculture with liver-derived cells on the development of mouse embryos has not been extensively studied. We purified a unique factor synthesized by rat hepatoma Reuber H-35 cells grown in a chemically defined medium and demonstrated that it inhibits the development of mouse zygotes at the 2-cell stage [27] . In the study reported here, we further examined the effects of coculture and conditioned medium on the subsequent in vitro development of 2-cell mouse embryos fertilized and developed in vivo. We showed that coculture and conditioned medium have beneficial effects on embryonic development, including the cell number per embryo and hatching.
MATERIALS AND METHODS

Media
M2 [28] was supplemented with 3 mg/ml BSA (No. A7030; Sigma Chemical Company, St. Louis, MO), and modified Whitten's medium (WM) [29] was supplemented with 3 mg/ml or 60 ILg/ml BSA. Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Nissui Pharmaceutical (Tokyo, Japan). Phenol red dye was not added to the media.
Inhibitors
Aphidicolin, a-amanitin, at-antitrypsin, and aprotinin were purchased from Sigma. Cycloheximide, actinomycin D, and quercetin were from Nacalai Tesque (Kyoto, Japan). .~ CD-1 2-cell embryos fertilized and developed in vivo were cocultured with Reuber H-35 or Hep G2 cells (5 x 10 S cells per well of 4-well dishes) in the presence of 3 mg/ml BSA; control embryos were cultured in WM containing 3 mg/ml BSA alone. * Significantly different from the control value within each column (p < 0.05).
p-Amidino-PMSF (APMSF) and genistein were obtained from Wako Pure Chemical Industry (Osaka, Japan) and Funakoshi (Tokyo, Japan), respectively. The inhibitor concentrations were as follows: aphidicolin, 2 pxg/ml [30] ; oa-amanitin, 10 Lg/ml [31] ; cycloheximide, 10 ILg/ml [32] ; actinomycin D, 1 g/ml [32] ; al-antitrypsin, 1 mg/ml [33] ; APMSE 100 pxg/ml [33] ; aprotinin, 100 pM [33] ; quercetin, 10 pxg/ml [34] ; and genistein, 10 lug/ml [34] .
Embryo Collection
Induction of superovulation and mating of 6-to 12-wkold virgin female CD-I mice (random bred, Swiss; Japan Crea, Tokyo, Japan) proceeded as described [27] . Two-cell embryos (mid-2-cell stage) were flushed in M2 from excised oviducts 41-42 h after hCG injection.
Culture of Hepatoma Cells and Embryos
Rat hepatoma Reuber H-35 cells provided by Dr. A. Niwa (Dokkyo University School of Medicine, Tochigi, Japan) and human hepatoma Hep G2 cells obtained from the American Type Culture Collection (Rockville, MD) were cultured in DMEM with or without serum as described [27, 35] . After a 4-day preculture without serum, Reuber H-35 or Hep G2 cells (5 x 105 cells/well in 4-well dishes; Nunc, Roskilde, Denmark) were washed twice with 1 ml of Dulbecco's PBS (Nissui Pharmaceutical). Embryos were randomly transferred to the wells and cultured in 1 ml WM with 3 mg/ml BSA at 37°C, 5% CO 2 in air. The embryos were also cultured in conditioned medium or its subfractions containing 3 mg/ml or 60 txg/ml BSA without hepatoma cells. Embryo development was monitored every 24 h. Blastocysts were classified according to their morphological differences as early (those with central cavity formation), hatching (those from which some cells had escaped from the zona pellucida), or hatched (those that had completely escaped from the zona pellucida). Unless otherwise indicated, 12-23 embryos were cultured in each well. Wells for the control culture were similarly processed in the absence of hepatoma cells. Embryos at various developmental stages were obtained after culture from the 2-cell stage in WM containing 60 Lg/ml BSA for 48 h (morulae and early blastocysts), 48-57 h (blastocysts), and 55-72 h (expanded blastocysts).
Quantification of Embryo Cell Number
Embryos were fixed in a 5:1:4 mixture of methanol: acetic acid:distilled water in plastic dishes for 1 min. The fixed embryos were placed on glass slides; then nuclei were dispersed and mounted in 2-3 drops of a 1:1 mixture of methanol:acetic acid. After air-drying, nuclei were stained with 5% Giemsa solution. The number of nuclei per embryo was determined by microscopic examination as the cell number.
Preparation and Ultrafiltration of Medium Conditioned by Reuber H-35 Cells
Cell-conditioned WM without BSA was obtained by culture with Reuber H-35 cells for 24 h and processed as described [27] . Confluent Reuber H-35 cells in 80-cm 2 dishes were cultured with 20 ml of WM without BSA for 24 h. The conditioned medium was separated by centrifugal ultrafiltration (Ultracent-10, < 10 000 Mr cut-off; Tosoh, Tokyo, Japan) into two fractions (retained fraction, Mr > 10 000; pass-through fraction, Mr < 10 000). The protein concentration of each fraction was then determined using a DC protein assay reagent (Bio-Rad, Hercules, CA) with BSA as the standard. Subsequently, the M r > 10 000 fraction was reconstituted with WM to the original volume.
Caseinolytic Assay
Plasminogen and other protease activities were determined by a caseinolytic assay (protease detection kit; BioRad) according to the manufacturer's instructions. Twentyfive microliters of fresh WM or conditioned medium containing 3 mg/ml or 60 VLg/ml BSA were incubated in a protease detection gel in the presence or absence of urokinase (7.5 IU; Mochida Pharmaceutical, Tokyo, Japan), an enzyme that converts plasminogen to plasmin, at 25°C for 18 h. Human plasminogen (450 ng; Boehringer Mannheim, Mannheim, Germany) was activated with urokinase (7.5 IU) and used as a positive control.
Radioiodination, Incubation with Embryos, and SDS-PAGE of Proteins in Medium Conditioned with Reuber H-35 Cells
The proteins in the Mr > 10 000 fraction (M r > 10 000 proteins) were labeled with 1251 (Amersham, Buckinghamshire, England) to 7.3 x 106 cpm/tlg using chloramine-T [36] . The ' 2 5 I-labeled proteins (1.7 x 107 cpm/ml) were incubated with blastocysts or expanded blastocysts (50 embryos per well) in the presence of 50 pLg/ml BSA for 4 h at 37°C in 5% CO 2 in air. To determine the specific binding of 12 5 I-labeled proteins to embryos, parallel cultures were incubated in the presence of a 100-fold excess of nonlabeled Mr > 10 000 proteins. After the embryos were extensively washed, the amount of radioactivity of 12 5 1-labeled proteins binding to 10 embryos was determined in a a CD-1 2-cell embryos were cultured with cell-conditioned medium (original) or its subfractions (M, < 10 000 or M, > 10 000) in the presence of 3 mg/ml BSA; control embryos were cultured in fresh medium containing 3 mg/ml BSA alone; four separate experiments were conducted. * Significantly different from the control value within each column (p < 0.05). *t Significantly different from the control value within each column (p < 0.01).
gamma counter. Concurrently, the 1 2 5 1-labeled proteins specifically binding to 40 embryos were reduced and separated by SDS-PAGE (12% polyacrylamide) [37] . The dried gel was exposed at -80°C to Kodak XAR film (Eastman Kodak, Rochester, NY) using a Kodak super-rapid intensifying screen.
Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) Analysis
After a 16-h culture with WM in the absence of BSA, the total RNA fraction was prepared from Reuber H-35 cells using guanidinium thiocyanate/phenol [38] as described [39] . Messenger RNAs in a 250-ng aliquot of total RNA were converted to cDNAs by an AMV reverse-transcriptase and random primers (9-mer) using an RNA-LA PCR kit (Takara Shuzo Company, Kyoto, Japan). Specific cDNA species were amplified by specifically designed primers (20-mer) and Ex Taq polymerase (Takara). The cycle profile was 1 min at 94 0 C, 2 min at 58 0 C, and 3 min at 72°C for 30 cycles. The amplified cDNA fragments were visualized by ethidium bromide staining after 1.5% agarose gel electrophoresis. Messenger RNAs of interest and the sizes of the predicted products were as follows: epidermal growth factor (EGF), nucleotides (nt) 111-350 (240 base pairs [bp]) [40] ; transforming growth factor (TGF)-a, nt 671-1070 (400 bp) [41] ; TGF31, nt 757-1140 (384 bp) [42] ; and stem cell factor (SCF), nt 69-784 (716 bp) [43] . Nucleotide sequences of all cDNA fragments were determined to confirm their original mRNAs. Total RNA (250 ng) without reverse-transcription reaction was also amplified by PCR to verify that none of the predicted products resulted from contaminated genomic DNA.
Statistical Analysis
The data were compared according to the percentage of embryos that reached normal development and were analyzed by the chi-square test. The statistical significance of differences between sample means was determined by the two-tailed Student's t-test or Cochran-Cox test following Bartlett's test for uniformity of variances. Data are expressed as the means SE.
RESULTS
Effect of Coculture with Hepatoma Cells on the Development of 2-Cell Embryos Fertilized and Developed In Vivo
The effects of coculture with Reuber H-35 or Hep G2 cells on the development of 2-cell embryos are summarized in Table 1 . In the presence of 3 mg/ml BSA, approximately 95% of the control embryos and of those cocultured with Reuber H-35 cells developed to the blastocyst stage. The proportion of the embryos developed to the hatching or hatched blastocyst stage after coculture with Reuber H-35 cells (73.0% of embryos cultured) was significantly higher (p < 0.05) than that of the control culture (56.8%). However, the development of the embryos cocultured with Hep G2 cells to the hatching or hatched blastocyst stage was decreased to 43.4%, although about 90% of these embryos developed to the blastocyst stage.
Stimulation of Hatching of Embryos by Culture with WM Conditioned with Reuber H-35 Cells or Its Subfractions
We examined the effects of WM conditioned with Reuber H-35 cells and its subfractions Mr < 10 000 and CD-1 2-cell embryos were cultured with the cell-conditioned medium (original) or its subfractions (M r < 10 000 or Mr > 10 000) in the presence of 60 Rg/ml BSA; control embryos were cultured in fresh medium containing 60 Lg/ml BSA alone; nine separate experiments were conducted. *** Significantly different from the control value within each column (p < 0.001). M > 10 000 on the development of embryos following culture from the 2-cell stage. The protein concentrations of the original conditioned WM and Mr < 10 000 fraction were below the lower limit of our assay system (less than 25 pLg/ml). Because of the low protein concentrations of the Mr > 10 000 fraction, the concentration estimated from that of its condensed sample by ultrafiltration was 17 pxg/ml. In the presence of 3 mg/ml BSA, blastocyst hatching was accelerated somewhat by culture with conditioned medium or its subfractions (Table 2 ). Although about 50% of the control embryos were hatching or hatched, 60-80% of them were hatching or hatched when cultured with the original conditioned WM or its subfractions. As shown in Table  3 , although none of the embryos cultured with WM supplemented with 60 p.g/ml BSA alone hatched, 13-21% of the embryos cultured with the conditioned medium or its subfractions hatched completely. Moreover, none of the 83 embryos cultured in fresh WM containing 100 Cpg/ml BSA alone hatched.
Increased Number of Cells per Blastocyst Cultured with WM Conditioned with Reuber H-35 Cells or Its Subfractions
The effect of culture with the conditioned WM or its subfractions from the 2-cell stage on the cell number per blastocyst is summarized in Table 4 . The cell number of blastocysts 137 h after hCG injection was higher in the cultures incubated with conditioned WM (110-135 cells/ blastocyst) than in the control (104 cells/blastocyst). The Mr > 10 000 fraction was the major promoter of embryonic cell growth. The cell number of blastocysts cultured with the fraction increased to 1.3-fold that of the control.
Embryonic Stage-Dependent Effect of WM Conditioned with Reuber H-35 Cells or Its Subfractions on the Hatching of Embryos
We assessed the stimulatory effect of WM conditioned with Reuber H-35 cells or its subfractions on the hatching of embryos cultured from various embryonic stages. As shown in Table 5 , even in cultures from the blastocyst or expanded blastocyst stage, 33.3% of the embryos hatched completely within 24 h upon cultivation with the original conditioned WM. The rate of embryos that completely hatched from the morula or later embryonic stages (33-39%) was significantly higher (p < 0.05) than that of embryos cultured from the 2-cell stage (18%). Although the promoting effect on complete hatching was also evident in embryos cultured from the morula and early blastocyst stage with the Mr < 10 000 (9-12%) and the Mr > 10 000 (11-24%) fractions, it was weaker than that of the original conditioned WM (36-39%).
We further examined the time dependence of the incubation with original conditioned WM on complete hatching after culture from blastocysts or expanded blastocysts. Of 354 embryos cultured with the conditioned WM, 9.6 + 2.1% (17 trials) hatched completely within 6 h. Twelve and 24 h after incubation, 23.4 + 3.6% (15 trials) and 49.4 + 6.0% (16 trials) of the embryos hatched completely, re- spectively. On the other hand, few embryos hatched when cultured with fresh WM containing 60 g/ml BSA.
Effects of Metabolic Inhibitors on the Hatching Induced by WM Conditioned with Reuber H-35 Cells
The effects of various inhibitors on the promoting effect of the cell-conditioned medium on complete hatching are shown in Table 6 . Blastocysts or expanded blastocysts were cultured with the conditioned WM in the presence of the inhibitor for 24 h. Under our experimental conditions, the DNA polymerase ot inhibitor aphidicolin, the protein synthesis inhibitors cycloheximide and actinomycin D, and the protein kinase inhibitor quercetin partially reduced (40-90% inhibition) the promoting effect of the conditioned WM. In contrast, the protease inhibitors a l-antitrypsin, APMSF, and aprotinin exerted no effect.
The effect of inhibitors on the promoting effect of the Mr < 10 000 or the Mr > 10 000 fractions could not be determined clearly because of the relatively weak effect of these subfractions on hatching (data not shown).
No Significant Protease Activities Detected in the Conditioned Medium of Reuber H-35 Cells
As shown in Figure 1 , the activities for plasminogen and other proteases in the Reuber H-35 cell-conditioned medium and the BSA preparation were examined using the caseinolytic assay. Although plasminogen or urokinase alone showed no protease activity, a distinct caseinolytic activity appeared when plasminogen was converted to plasmin by urokinase. The activity was apparently inhibited by the protease inhibitor APMSF (100 lug/ml). However, even in the presence of urokinase, caseinolytic activity was undetectable in the conditioned medium (original) and fresh WM containing 3 mg or 60 pg/ml BSA.
Binding of 251-Labeled M, > 10 000 Proteins to Blastocysts
To define the physical interactions between proteins in the Reuber H-35 cell-conditioned medium and embryos, we examined the binding of 1 25 I-labeled Mr > 10 000 proteins to blastocysts or expanded blastocysts. Figure 2 shows the results of the SDS-PAGE resolution of 1 25 I-labeled proteins associated with the embryos. From parallel cultures containing an excess of nonlabeled Mr > 10 000 proteins (lane 2), the estimated specific binding of 1 25 I-labeled proteins to embryos was 67.7%. As shown in lane 3, there were several Mr > 10 000 proteins. In cultures without the nonlabeled proteins (lane 1), at least 9 proteins were specifically bound to, or accumulated in, embryos. Five major and 4 minor binding proteins had apparent molecular masses of 49, 34, 31, 24, and 18 kDa, and of 76, 60, 38, and 22 kDa, respectively.
Expression of mRNAs for Growth Factors in Reuber H-35 Cells
The expression of specific mRNAs was examined by means of RT-PCR. As shown in Figure 3 , Reuber H-35 cells expressed the mRNAs for several growth factors, including EGF, TGFot, TGF[ 1, and SCE FIG. 1. Caseinolytic assay for detecting plasminogen and other protease activities in the conditioned medium of Reuber H-35 cells and a BSA preparation. Caseinolytic activities in 25 pIl of 3 mg/ml or 60 ig/ml BSA in WM and the cell-conditioned medium (original) were determined in the presence or absence of urokinase (7.5 IU). Caseinolytic activity of plasmin converted from human plasminogen (450 ng) by urokinase (7.5 IU) is indicated as a positive control. The protease inhibitor APMSF was applied at 100 jIg/ml. 
DISCUSSION
Here, we investigated the stimulatory effects of coculture with Reuber H-35 cells and cell-conditioned medium on the subsequent in vitro development of 2-cell mouse embryos fertilized and developed in vivo. The cell number per blastocyst and the hatching rate of embryos were improved by culture in cell-conditioned medium. Activities that promoted hatching were also evident in the Mr < 10 000 and > 10 000 subfractions separated by ultrafiltration, whereas the activities of the original conditioned medium were the most evident. These promoting effects may not be due merely to the supplementation of proteins secreted by hepatoma cells into the medium, since there was no effect on embryonic development even in the presence of a similar total protein concentration (100 [xg/ml BSA) in fresh medium.
We purified an inhibitor of the development of mouse zygotes at the 2-cell stage from the Mr < 10 000 fraction, and referred to it as "Fr. B-25" [27] . The inhibitory effect of Fr. B-25 was extremely potent when zygotes were cocultured with Reuber H-35 cells [27] . Under these conditions, the development of almost all of the CD-I zygotes was arrested at the 2-cell stage [27] . Nevertheless, in this study, the coculture with Reuber H-35 cells and the cellconditioned medium did not negatively affect the development of CD-I 2-cell embryos fertilized and developed in vivo. We considered that the conflicting sensitivities of embryos to the inhibitory effect of Fr. B-25 were due to a difference in embryonic metabolism between 2-cell embryos developed in vivo and in vitro.
Serine protease plasminogen activator produced by the mammalian embryo itself and exogenous plasminogen, which is a precursor of plasmin, regulate the process of zona hatching [33, [44] [45] [46] . However, the serine protease inhibitors ol-antitrypsin, APMSF, and aprotinin had no significant influence in inhibiting the effect of the cell-conditioned medium on hatching. We considered that these protease inhibitors rapidly lost their activity after inhibiting protease activities present in the cell-conditioned medium. This would cause the embryos themselves to synthesize de novo proteases through stimulation by other promoting factors, which would then participate in the hatching process. We determined the presence of protease in the cell-conditioned medium by means of the caseinolytic assay. The apparent levels of activities for plasminogen and proteases were almost undetectable in medium conditioned with Reuber H-35 cells. These results indicated that the cell-conditioned medium contains extremely low levels of proteases and their precursors.
We speculated upon the intracellular signaling mechanisms underlying the action of promoting factors with respect to facilitating hatching. Analyses using metabolic inhibitors suggested that the factors in the conditioned medium act via at least the posttranslational modification of proteins, including phosphorylation, de novo synthesis of proteins, or progression of the cell cycle. It is widely accepted that these metabolic changes are involved in the actions of growth factors, hormones, and cytokines [47] [48] [49] .
The promoting factors synthesized by Reuber H-35 cells may be molecules of these types.
We considered which growth factors or cytokines acted embryotrophically in Reuber H-35 cell-conditioned medium. Several growth factors and cytokines, including EGF [15, 18, 21] , TGFax [15] , TGFP [15] , insulin [19, 50, 51] , IGF-I [19, 20] , and macrophage-colony stimulating factor [8] , stimulate embryonic development or metabolism when added to culture media in vitro. Paria and Dey [15] reported that adding EGF to the medium significantly increased the cell number per blastocyst and the hatching rate, and that EGF receptors were detected on the embryonic cell surface after the 8-cell stage, particularly at the morula and blastocyst stages. Additionally, TGFao acts through direct binding to the EGF receptor [52] . Babalola and Schultz [53] have reported that the expression of DNA polymerase ot mRNA in mouse blastocysts is stimulated by TGFoa. On the other hand, Harvey and Kaye have reported positive effects of IGF-I [20] and insulin [51] on the cell number of cultured embryos. These biological and molecular properties of EGF (mouse EGF: molecular mass of 6 kDa [54] ), TGFa (5.6 kDa [55] ), insulin (6 kDa [56] ) or IGF-I (7.5 kDa [57] ), and TGFP (23-25 kDa [58] ) resemble those of the factors present in the Mr < 10 000 and > 10 000 fractions, respectively. The effective target embryonic stage of promoting factors in these fractions for hatching was the morula and the blastocyst, and Reuber H-35 cells expressed mRNAs for EGF, TGFot, and TGF[ 1 as judged by RT-PCR. However, hatching was not completed by the fractions of conditioned medium eluted by reverse-phase column chromatography (data not shown), whereas the biological activities of these growth factors were retained even after elution [59, 60] . We postulate that several growth factors, including EGF, TGFao, and TGF[ 1, contribute synergistically and/or additively to the promoting activities of the cell-conditioned medium. It is also likely that there are major, but unstable, contributors other than EGF, TGFoa, and TGF3 1.
It is also important when considering potential promoters of embryonic development to consider whether or not coculture with other hepatocyte-derived cells stimulates the embryonic development. However, the effect of coculture with liver-derived cells on the development of mouse embryos has not been investigated in detail. In coculture with human hepatoma Hep G2 cells, the development of 2-cell embryos was slightly inhibited by the death of Hep G2 cells in WM, as reported [27] . On the contrary, positive effects of coculture with Buffalo rat liver (BRL) cells upon the development of bovine embryos have been reported [61, 62] . BRL cells synthesize IGF-II (7.5 kDa) [63] , leukemia inhibitory factor (45-56 kDa) [64, 65] , and SCF (28-35 kDa) [66] . Voelkel and Hu have reported [61] that BRL cells support the development of bovine embryos and noted that mouse zygotes cocultured with BRL cells overcome the 2-cell cleavage block. However, we believe that no one has described the beneficial effect of coculture with BRL or other liver-derived cells on the subsequent development of 2-cell mouse embryos. In Reuber H-35 cells, two lowMr compounds (< Mr 1000) have been defined as autocrine growth-stimulating factors in serum-free culture [67] . It is notable that several of the Mr > 10 000 proteins (18-76 kDa) produced by Reuber H-35 cells bound to or accumulated in cultured blastocysts. Considering the characteristics of another cell line derived from the rat liver (BRL) and the production of autocrine or paracrine growth factors by Reuber H-35 cells, these defined and/or undefined molecules synthesized by the latter may contribute to the embryotrophic effects.
The liver is a major site of the synthesis and secretion of serum components, and transferrin (80 kDa [68] ) also acted as an autocrine growth factor in Reuber H-35 cells [68] . However, adding transferrin to the medium had no effect on the development of CD-1 embryos [13] . On the contrary, Marrs and his colleagues reported that the fractions Mr 1000-5000 [24] and Mr > 10 000 [22] of human cord serum supported the development of B6C3F 1 embryos. They also demonstrated [24] the promoting effect of the Mr 70 000-100 000 fraction on embryonic hatching. These findings suggested that human cord serum could exert similar effects to those derived from Reuber H-35 cells.
In conclusion, we demonstrated the positive effect of coculture with Reuber H-35 cells and the cell-conditioned medium on the subsequent in vitro development of mouse 2-cell embryos fertilized and developed in vivo. We demonstrated that the factors synthesized by Reuber H-35 cells stimulate embryonic development and the process of zona hatching. This study and another [27] showed that Reuber H-35 cells produce both positive and negative factors that affect the development of embryos at different preimplantation-embryonic stages. Furthermore, our studies helped clarify why serum or serum preparations have variable effects on embryonic development in vitro.
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